. At present, the mechanism by which hypertonicity modulates cation channels in OVLT neurons is unknown, and it remains unclear whether Trpv1 and Trpv4 both contribute to this process. Here, we show that physical shrinking is necessary and sufficient to mediate hypertonicity sensing in OVLT neurons isolated from adult mice. Steps coupling progressive decreases in cell volume to increased neuronal activity were quantitatively equivalent whether shrinking was evoked by osmotic pressure or mechanical aspiration. Finally, modulation of OVLT neurons by tonicity or mechanical stimulation was unaffected by deletion of trpv4 but was abolished in cells lacking Trpv1 or wild-type neurons treated with the TRPV1 antagonist SB366791. Thus, hypertonicity sensing is a mechanical process requiring Trpv1, but not Trpv4.
Introduction
A continuous monitoring of blood solute concentration is essential for body fluid homeostasis and for the dynamic defense of the body's osmotic set point (Bourque, 2008) . In mammals, the primary osmosensory neurons mediating this task are located in the brain's organum vasculosum lamina terminalis (OVLT) (Thrasher et al., 1982; Ramsay et al., 1983; Johnson and Gross, 1993) . Studies in rodents have shown that the rate of action potential discharge in osmosensitive OVLT neurons rises proportionally with extracellular fluid osmolality (Sayer et al., 1984; Honda et al., 1990; Vivas et al., 1990; Ciura and Bourque, 2006) . Information encoded by this activity is relayed synaptically to effector nuclei to induce autonomic (Brooks et al., 2005) , behavioral (Hollis et al., 2008) , and neuroendocrine responses (Richard and Bourque, 1995; Trudel and Bourque, 2010 ) that maintain fluid homeostasis.
The excitatory effects of hypertonicity on OVLT neurons persist during synaptic blockade (Vivas et al., 1990) . Moreover, experiments on OVLT neurons acutely isolated from adult mice have shown that hyperosmotic stimuli excite these cells via activation of nonselective cation channels causing membrane depolarization (Ciura and Bourque, 2006) . These observations indicate that OVLT neurons can transduce osmotic perturbations through a cell-autonomous process, but the mechanism mediating the osmotic modulation of channel activity in these cells remains unknown. Acute extracellular hypertonicity causes water efflux from cells to equalize osmotic forces and therefore provokes increases in intracellular solute concentration and decreases in cell volume. Since many types of ion channels are regulated by specific solutes (e.g., Cukkemane et al., 2011) or ionic strength (e.g., Nilius et al., 2000) , osmosensing could in principle be mediated by osmotically induced changes in solute concentration. Alternately, OVLT neurons might detect hypertonicity through a mechanical effect linked to shrinking, as observed in neurohypophysial neurons of the supraoptic nucleus (Zhang et al., 2007) . Clarification of the cellular mechanism responsible for hypertonicity sensing in OVLT neurons is a prerequisite for our understanding of the molecular architecture and function of the mammalian osmoreceptor.
Previous studies have shown that members of the transient receptor potential vanilloid (TRPV) family of cation channels are strong candidates for the molecular detection of osmotic stimuli (Liedtke, 2007) . Moreover, we have shown previously that hypertonicity-induced excitation is absent in OVLT neurons isolated from mice genetically engineered to lack the transient receptor potential vanilloid 1 (Trpv1) gene (Ciura and Bourque, 2006) . However the conclusion that Trpv1 encodes an osmore-ceptor channel was recently challenged because hypertonicityinduced expression of the immediate early gene Fos is maintained in the OVLT of mice lacking the gene (Taylor et al., 2008) . Moreover, previous studies have indicated that another member of the TRPV gene family, Trpv4, is strongly expressed in the OVLT (Liedtke et al., 2000) , and deletion of Trpv4 in mice attenuates Fos expression and osmoregulatory responses in vivo (Liedtke and Friedman, 2003; McHugh et al., 2010; Lechner et al., 2011) . In this study we therefore examined the cellular basis for hypertonicity sensing in mouse OVLT neurons and determined whether this process requires expression of both Trpv1 and Trpv4.
Materials and Methods
Animals. All experiments performed in this study were performed at the Center for Research in Neuroscience of the Research Institute of McGill University Health Centre (Montreal, Canada) and followed a protocol approved by the Animal Care Committee of McGill University (protocol #1190). The animals used were males and females of adult age (2-12 months) and consisted of wild-type (WT) C57BL mice (Charles River Laboratories), Trpv1 Ϫ/ Ϫ mice (Birder et al., 2002 ; obtained from The Jackson Laboratory), or Trpv4 Ϫ/ Ϫ mice (Liedtke and Friedman, 2003) .
Preparation of isolated neurons. Acutely isolated OVLT neurons were obtained as described previously (Ciura and Bourque, 2006) . Briefly, mice anesthetized with halothane were killed by decapitation and brains were quickly removed and placed in cold (4°C) oxygenated PIPES solution, pH 7.3, comprising 120 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 20 mM PIPES, 1 mM CaCl 2 , and 10 mM D-glucose (all from Sigma). Blocks of tissue (Ͻ1 mm 3 ) containing the OVLT were then removed and incubated in PIPES solution containing 5 mg/ml protease X and XIV (Sigma) at room temperature for 30 min, after which they were washed in enzyme-free PIPES solution where they were kept for 0.5-4 h. Individual tissue blocks in PIPES solution (ϳ0.4 ml) were triturated and the resulting suspension was plated onto 5-6 30 mm Petri dishes (BD Falcon). Cells were then perfused with HEPES solution consisting of 150 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose and mannitol to adjust the osmolality of the solution to 312 mosmol/kg (isotonic) or higher, as required. Every effort was made to restrict the size of the tissue block to the expected midline position of the OVLT, located rostral and dorsal to the preoptic recess of the third ventricle. However, it is likely that some of the tissue surrounding the OVLT was also included in most of our dissections. Interestingly, the fraction of isolated neurons showing cell-autonomous osmosensory responses in these preparations (ϳ61%) is quite similar to the proportion of neurons showing osmosensory properties when recording from the OVLT in hypothalamic explants (ϳ63%; Ciura and Bourque, 2006) . Thus neurons isolated from the area of the OVLT using this procedure appear to be representative of their physiological properties in situ.
Volume measurements. Normalized volume (nVol; relative to baseline) was quantified from measurements of maximal cross-sectional area (CSA; total number of pixels) of cells in digitized images using Scion Image for Windows 4.02 (Scion). All values of CSA measured in the control period were averaged (CSA o ), and values of nVol at individual time points (nVol t ) were calculated from the CSA value at corresponding time point (CSA t ) using the following equation: nVol t ϭ [(CSA t )
1.5 / (CSA o ) 1.5 ]. Whole-cell recording. Cells were recorded at room temperature using an Axopatch-1D amplifier (Molecular Devices) in the whole-cell configuration using pipettes pulled on a P-97 puller (Sutter Instruments) and filled with an internal solution comprising 120 mM K-gluconate, 1 mM MgCl 2 , 1 mM EGTA, 4 mM Na 2 -ATP, 1 mM Na-GTP, 14 mM phosphocreatine, 10 mM HEPES (5-8 M⍀, pH 7.34; osmolality adjusted to 290 mosmol/kg using mannitol). In the voltage-clamp experiments, 0.5 M tetrodotoxin (Sigma) was added to the HEPES solution. Where indicated, SB366791 (Sigma) was added as a 1:5000 dilution from a stock of 15 mM (in DMSO) to a final concentration of 3 M. Where indicated, Ruthenium red (RuR) (Sigma) was added at a final concentration of 10 M. For the ion substitution experiments the solutions were as follows. For "low Na ϩ " the external solution contained 50 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose. For the "High K ϩ " the external solutions consisted of 150 mM NaCl, 6 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose. The "low Cl Ϫ " experiment was performed with an external solution comprising 100 mM Na-gluconate, 50 mM NaCl, 1 mM MgCl 2 , 3 mM KCl, 10 mM HEPES, and 10 mM glucose. For "Ca 2ϩ only" experiment the internal solution contained 130 mM CsCl, 10 mM NaCl, 1 mM EGTA, 0.1 mM CaCl 2 , and 10 mM HEPES, pH 7.25, and the external solution comprised 70 mM CaCl 2 , 6 mM Ca(OH) 2 , 10 mM glucose, and 20 mM HEPES, pH 7.25.
In all experiments, pipette pressure was recorded via a digital manometer (model PMO-15D, World Precision Instruments) connected in parallel to the pipette holder. Mechanical changes in cell volume were induced by imposing slow and gradual changes in pipette pressure (Ϯ30 mmHg) via an air-filled syringe until effects on cell volume or electrical responses were qualitatively observed. Quantification of volume changes was done off-line after the experiments.
Changes in solution were applied by rapidly switching the fluid delivery tube facing the cell using a piezoelectric stepper device (SF-77B; Warner Instruments). Steady-state current-voltage ( I-V) relations were obtained by commanding slow voltage ramps (25 mV/s) from Ϫ100 to 0 mV. Membrane conductance ( G) was determined from the slope of the I-V relation between Ϫ80 and Ϫ50 mV. All cells showing unstable baseline values of nVol, G, or holding current were excluded from the analysis. Also excluded from the analysis were cells with resting values of G lying below 0.2 nS (an arbitrary value below which very low noise levels and small capacitance transients suggested incomplete whole-cell access) or above 2 nS (an arbitrary value above which cells or seals were presumed to be damaged). As mentioned above, ϳ62% of OVLT neurons show functional responses to osmotic stimulation, whereas the rest are nonresponsive (Ciura and Bourque, 2006) . The analysis of electrophysiological experiments related to transduction (see Figs. 1-6) was therefore restricted to cells showing measurable responses. For the comparative analysis of responses recorded from different genotypes and in the presence of SB366791 (Fig. 7) , all cells recorded were included and larger populations were used. Statistics. All values in this study are reported as mean plus or minus the standard error of the mean (Ϯ SEM.). Curve fits were performed using Sigmaplot 10 (Systat Software). Statistical differences between mean values were evaluated using (as appropriate) an ANOVA or repeated-measures ANOVA followed by the Tukey or Student-Newman-Keuls tests for multiple comparisons or a Student's one-tailed or paired t test (as appropriate) using Sigmastat 2.03 software (Systat). Comparisons of linear regression parameters were performed using Prism 5 software (GraphPad Software). Differences between values were considered to be significant when p Ͻ 0.05.
Results

Hypertonicity activates a calcium-permeable cation current
The hypothesis that hypertonicity activates a calcium-permeable nonselective cation channel in mouse OVLT neurons has not been verified experimentally. We therefore examined the effects of hypertonicity (ϩ25 mosmol/kg; excess mannitol) on I-V relations measured in solutions of different ionic composition. As found previously (Ciura and Bourque, 2006) , hypertonicity consistently increased the slope of steady-state I-V relations (i.e., membrane conductance), confirming that ion channels are opened by this stimulus. As shown in Figure 1 , A and B, the reversal potential (E rev ) of the current was significantly more negative in solution containing low [Na ϩ ] (E rev : Ϫ40.5 Ϯ 5.2 mV, n ϭ 5 in low [Na ϩ ] vs Ϫ25.3 Ϯ 1.9 mV in control solution, n ϭ 20, p ϭ 0.003) and depolarized in solutions containing high [K ϩ ] (E rev : Ϫ16.0 Ϯ 1.9 mV, n ϭ 7, p ϭ 0.01 vs control) but was unaffected by reducing [Cl Ϫ ] (E rev : Ϫ23.9 Ϯ 2.4 mV, n ϭ 7 in low [Cl Ϫ ], p ϭ 0.7 vs control). Increases in I-V slope were also observed when mannitol was added to an external solution comprising only Ca 2ϩ as a charge-carrying cation (control, 0.66 Ϯ 0.32 nS; hypertonic, 2.06 Ϯ 0.60 nS, n ϭ 5, p ϭ 0.01; Fig. 1 A, B) . Moreover, as illustrated in Figure 1 , C, D, responses recorded in normal saline were reversed by addition of the nonspecific cation channel inhibitor Gd 3ϩ (300 M, n ϭ 15, p ϭ 0.429 vs control, one-way AVOVA/ Student-Newman-Keuls test) or by the broad spectrum Trp channel inhibitor RuR (10 M, n ϭ 12, p ϭ 0.603). These results indicate that isolated mouse OVLT neurons respond to hypertonic stimuli by the activation of RuR-sensitive nonselective cation channels that are permeable to Na ϩ , K ϩ , and Ca 2ϩ .
Hypertonicity sensing requires cell shrinking
Many types of cells oppose hypertonicityinduced shrinking through mechanisms that mediate a regulatory volume increase (Strange, 2004; Lang, 2007) . While this process can confer protection against osmotic damage to cells, it would also negate the value of shrinking as a useful signal for osmosensory detection. Interestingly, previous work has shown that other types of osmosensory neurons can behave as osmometers (Zhang and Bourque, 2003) . However, it remains unknown whether this is also the case for primary osmoreceptor neurons in the OVLT. To address this issue, we examined the effects of hypertonicity on the volume of neurons acutely isolated from the OVLT of adult mice. As illustrated in Figure 2 A, hypertonic stimuli induced reversible decreases in cell volume that could be sustained for as long as 60 min. Indeed, an analysis of the data using one-way repeated-measures ANOVA indicated that the volume decreases observed 10 (to 87.6 Ϯ 1.6% of control) and 60 min after the onset of the stimulus (88.5 Ϯ 0.8% of control) were significantly different from control (p Ͻ 0.001) but not from each other (p ϭ 0.577; Tukey test for multiple comparisons, n ϭ 3). Moreover steady-state volume (nVol, normalized to baseline) varied as an inverse function of osmolality (Fig. 2 B; n ϭ 19 cells), as predicted by the Boyle-van't Hoff equation (Zhang and Bourque, 2003) . Hypertonicity-mediated activation of cation channels in OVLT neurons could therefore result either from an intracellular concentration effect or from the mechanical effect of cell shrinking. To determine whether a concentrating effect is sufficient to mediate channel activation, we examined whether hypertonicityinduced increases in membrane conductance were maintained when cell volume was restored by intracellular injection of a small amount of artificial intracellular medium. As shown in Figure 3 , A and B, hypertonic stimulation (ϩ25 mosmol/kg) caused a progressive reduction in nVol along with an increase in membrane conductance and generation of an inward transduction current (I T ) at the holding potential (V Hold ; Ϫ60 mV). A small amount of positive pressure was then applied to the inside of the recording pipette to restore cell volume in the continued presence of the hyperosmotic stimulus. This procedure caused nVol to return toward baseline and was accompanied by a concurrent reduction of membrane conductance and I T (Fig. 3 A, B) . In experiments performed on seven cells, the hypertonicity-induced increase in conductance (control, 0.78 Ϯ 0.21 nS; hypertonic, 2.08 Ϯ 0.31 nS; p ϭ 0.004) was eliminated upon pressure-induced inflation (1.10 Ϯ 0.22 nS, p ϭ 0.06; Fig. 3C ).
To determine whether shrinking alone is sufficient to excite OVLT neurons, we then examined the impact of reducing cell volume by applying negative pressure (suction) to the inside of the recording pipette under constant (isotonic) conditions. Application of suction (Ϫ10 to Ϫ25 mmHg) to 15 cells tested under voltage clamp caused significant decreases in nVol accompanied by increases in I T and conductance (control, 0.31 Ϯ 0.06 nS; suction, 0.78 Ϯ 0.12 nS; p ϭ 0.0001; e.g., Fig. 4 A) . In agreement with these observations, cells tested under current-clamp conditions showed suction-induced membrane depolarization (ϩ17.73 Ϯ 1.90 mV, p ϭ 0.0007) and increased firing rate (ϩ10.24 Ϯ 3.16 Hz, n ϭ 7, p ϭ 0.03; e.g., Fig. 4 B) . Although some of the OVLT neurons tested were able to recover spontaneously from the effects of negative pressure (i.e., when pipette pressure was returned to zero, n ϭ 6; e.g., Fig. 4 B) , other cells displayed irreversible suction-evoked shrinking and sustained increases in membrane current and conductance. However, in such cases the electrophysiological responses could be inhibited by bath application of 10 M ruthenium red (inhibition ϭ 87.7 Ϯ 4.0%, n ϭ 11, p Ͻ 0.001; e.g., Fig. 4 A) , consistent with the involvement of shrinking-activated TRPV channels.
Hypertonicity sensing is a mechanical process
To determine whether the mechanical effect of shrinking can fully account for hypertonicity sensing, we performed a quantitative comparison of the consecutive steps linking cell shrinking to firing rate during hyperosmotic stimulation and suction in different subsets of isolated OVLT neurons. Steady-state I-V relations and corresponding images acquired at regular intervals (5-20 s) were used to measure values of membrane conductance, I T and nVol, at different time points before and after the onset of the stimuli. We first examined the relation between changes in membrane conductance (⌬G, relative to baseline) and normalized shrinking (n⌬V, defined as 1 Ϫ nVol). As illustrated by the top panels in Figure 5A , ⌬G increased in proportion with n⌬V whether volume was reduced by hypertonicity (n ϭ 9 cells) or suction (n ϭ 11 cells). Statistical analysis (Fig. 5B) revealed that the slopes of linear regressions fitted through both datasets were not significantly different from each other (hypertonicity, 4.90 Ϯ 1.15 nS/n⌬V, vs suction, 3.93 Ϯ 1.10 nS/n⌬V; p ϭ 0.542). We next examined how the magnitude of I T related to values of ⌬G during both forms of stimulation. As shown by the middle panels in Figure 5A , the absolute amplitude of I T was linearly related to values of ⌬G, and the slopes of linear regressions through both groups were not significantly different from one another (osmotic, 20.8 Ϯ 2.9 pA/nS, vs mechanical, 25.5 Ϯ 1.3 pA/nS, p ϭ 0.16; Fig. 5B ). We then examined the impact of changes in I T on the amplitude of the depolarizing receptor potential (⌬V T ). Because cells were voltage clamped, predicted values of ⌬V T associated with changes in I T were defined as the shift in command voltage required to maintain the initial holding current that was observed at V Hold under resting conditions. As shown by the bottom panels in Figure 5A , ⌬V T increased in proportion with I T and, as predicted by ohmic behavior, rose asymptotically toward a maximal value equivalent to the available driving force (DF ϭ V Hold Ϫ E T , where E T , the I T reversal potential, was Ϫ25.3 mV (Fig. 1 B) . Indeed, concurrent changes in ⌬V T and I T were well fit by the equation
, where a is the baseline value of conductance and b is the reciprocal of the driving force (i.e., 1/DF; i.e., 0.0288 mV Ϫ1 ). Moreover, slopes of linear regression fits of ⌬V T versus Log(I T ) (to linearize the data) were not significantly different in cells treated with hypertonicity (10.1 Ϯ 2.2, r 2 ϭ 0.484) or suction (14.7 Ϯ 12.0, r 2 ϭ 0.669, p ϭ 0.118; Fig. 5B ).
Finally, we compared the relation between ⌬V T and changes in action potential firing rate (⌬FR) in separate groups of OVLT neurons recorded under whole-cell current-clamp conditions. As illustrated in Figure 6 , A and B, equivalent and proportional relations were observed between ⌬FR and ⌬V T when shrinking was evoked by hypertonicity or by pipette suction. Indeed, slopes of linear relations fitted through the two sets of data were not significantly different from one another (hypertonicity, 0.31 Ϯ 0.03 Hz/mV, n ϭ 10; suction, 0.34 Ϯ 0.05 Hz/mV, n ϭ 4, p ϭ 0.66; Fig. 6C,D) .
Osmotic and mechanical sensing involves Trpv1, not Trpv4
We previously reported that hypertonicity sensing in OVLT neurons requires expression of the Trpv1 gene (Ciura and Bourque, 2006) . However it remains unknown whether Trpv1 is also required for mechanical excitation and whether Trpv4 plays any role in either the osmotic or mechanical control of these neurons. We therefore examined the responses of OVLT neurons isolated from WT mice and from animals lacking expression of Trpv1 (Trpv1
As reported previously, we found that OVLT neurons isolated from Trpv1 Ϫ/ Ϫ mice failed to show significant increases in conductance in response to hypertonic stimulation relative to baseline (ϩ25 mosmol/kg, ϩ0.01 Ϯ 0.04 nS, p ϭ 0.73, n ϭ 23; Fig. 7 A, B) . In contrast, hypertonicity-treated OVLT neurons obtained from Trpv4 Ϫ/ Ϫ animals generated significant increases in conductance relative to baseline (ϩ0.34 Ϯ 0.14 nS, n ϭ 16, p ϭ 0.032), and these changes were equivalent to those observed in WT OVLT neurons (ϩ0.56 Ϯ 0.07 nS, n ϭ 87, p ϭ 0.492 vs WT by one-way ANOVA and Tukey test). Similarly, we found that OVLT neurons isolated from Trpv1 Ϫ/ Ϫ animals lacked responses to suction-evoked shrinking relative to baseline (ϩ.01 Ϯ 0.040 nS, n ϭ 12, p ϭ 0.9; Fig. 7C,D) , whereas significant responses were observed in both WT (ϩ0.72 Ϯ 0.20 nS, n ϭ 32, p ϭ 0.001) and Trpv4 Ϫ/ Ϫ animals (ϩ0.43 Ϯ 0.11 nS, n ϭ 13, p ϭ 0.008). To confirm that the loss of responses to hypertonicity and suction in Trpv1 Ϫ/ Ϫ OVLT neurons was due to the absence of a channel encoded by Trpv1 rather than a secondary consequence of gene deletion affecting the entire organism, we examined the effect of acutely treating WT neurons with SB366791, a selective inhibitor of TRPV1 channels (Gunthorpe et al., 2004) . As shown in Figure 7 , bath application of 3 M SB366791 prevented the increases in membrane conductance evoked by both hyperosmolality (ϩ0.12 Ϯ 0.06 nS, n ϭ 19, p ϭ 0.06) and suction (ϩ0.07 Ϯ 0.12 nS, n ϭ 13, p ϭ 0.55). Osmotically and mechanically evoked decreases in cell volume were equivalent in all groups (data not shown).
Discussion
Previous work has established that the OVLT serves as the brain's primary osmoreceptor area (Ramsay et al., 1983) and that neurons in this nucleus transduce hyperosmotic conditions into proportional increases in action potential firing rate (Ciura and Bourque, 2006) . The information encoded by the electrical activity of these neurons is then relayed synaptically to diverse subsets of homeostatic effector neurons that induce appropriate osmoregulatory responses such as thirst, natriuresis, and antidiuretic hormone release (Denton et al., 1996; McKinley et al., 2006; Johnson, 2007; Bourque, 2008; Hollis et al., 2008) . Interestingly, peripheral osmoreceptors located in the hepatoportal area are capable of detecting postingestion salt and water loads and modulating central osmoregulatory responses (Baertschi and Vallet, 1981; Choi-Kwon and Baertschi, 1991; McHugh et al., 2010; Lechner et al., 2011) . It is presently unclear whether these peripheral receptors communicate independently with central effector neurons or if they modulate OVLT neurons via synaptic inputs (Bourque, 2008) . Moreover, it is not known whether such receptors contribute significantly to the detection of systemic osmotic perturbations resulting from noningestive causes such as water loss through breathing, sweat, or diarrhea. The findings reported in our study reveal for the first time that hypertonicity can mediate a proportional excitation of the brain's primary osmoreceptor neurons via the cell-autonomous and mechanical modulation of nonselective cation channels encoded by Trpv1 and, surprisingly, that the Trpv4 gene is not required for this process. Although our experiments were performed exclusively on acutely isolated OVLT neurons to facilitate volume measurements and to remove extrinsic influences, preliminary results show that osmotic and mechanically induced cell shrinking can also depolarize and excite OVLT neurons recorded during visualized whole-cell patch-clamp recordings in hypothalamic slices.
Hypertonicity sensing is a mechanical process
Early physiological studies suggested that the mammalian brain detects systemic hypertonicity through a process involving cellular dehydration because hyperosmolality induced by the addition of membrane permeant solutes that do not cause shrinking (e.g., urea) failed to elicit osmoregulatory responses (Gilman, 1937; Verney, 1947; McKinley et al., 1978; Ramsay et al., 1983) . Although these findings indicated that extraction of cellular water is a requirement for hypertonicity sensing, they did not reveal whether this process specifically requires shrinking or a concentration of solutes in the cytoplasm. Indeed, recent work has shown that many types of ion channels can be modulated by changes in ionic strength (Nilius et al., 2000) or by the concentration of intracellular solutes such as Ca 2ϩ , phosphoinositides, or cyclic nucleotides (Cukkemane et al., 2011) . Moreover, many types of cells are endowed with mechanisms that allow cell volume to recover within seconds after the onset of osmotic shrinking (Strange, 2004; Lang, 2007) , an effect that could limit the usefulness of shrinking as an osmosensing signal. Our data provide the first evidence showing that OVLT neurons behave as near-perfect osmometers. Indeed, OVLT neurons displayed sustained and graded decreases in volume in response to hypertonic stimuli lasting up to an hour, a period of time exceeding normal delays for volume regulation in other cells and that is sufficient to mediate osmoregulatory responses under physiological conditions (e.g., exercise; Saat et al., 2005) . The basis for the absence of regulatory volume increase in OVLT neurons exposed to mild hyperosmolality (Ͻ40 mosmol/kg) remains to be determined, and our findings do not rule out the possibility of volume regulation in response to larger (nonphysiological) stimuli. The expression of osmometry in OVLT neurons was consistent with the possibility that these cells may use a mechanical process to transduce osmotic perturbations. However, this observation alone did not rule out a possible role for intracellular solute concentration during osmosensory transduction. Our findings provide three lines of evidence indicating that hypertonicity sensing by OVLT neurons is in fact mediated mainly by a mechanical effect of shrinking. First, activation of the transduction cascade under hypertonic conditions could be reversed by restoring cell volume with intracellular saline. Second, direct reduction of cell volume by aspiration of cytoplasm could activate excitatory responses in the absence of changes in internal solute concentration. Third, each of four steps linking cellular shrinking to increased action potential firing were found to be quantitatively equivalent whether shrinking was induced by hypertonicity or by the application of suction under isotonic conditions. Together, these results provide strong evidence indicating that the mechanical effect of the osmotically induced volume change is both necessary and sufficient to induce the proportional excitatory effect of hypertonicity in OVLT neurons.
Osmomechanical sensing requires Trpv1
Previous studies have shown that OVLT neurons can be labeled with antibodies directed against TRPV1 (Hollis et al., 2008) and that hypertonicity sensing is abolished in neurons isolated from the OVLT of Trpv1 Ϫ/ Ϫ mice (Ciura and Bourque, 2006) . In agreement with these observations, Trpv1 Ϫ/ Ϫ mice are chronically hyperosmolar and show impaired water intake and antidiuretic hormone release in response to intraperitoneal injections of hypertonic saline (Ciura and Bourque, 2006; Sharif Naeini et al., 2006) . A recent study failed to detect deficits in water intake or Fos expression in the OVLT of Trpv1 Ϫ/ Ϫ mice injected with hypertonic saline (Taylor et al., 2008) . However, important differences in experimental protocols could explain the different water intake profiles reported in these studies, Moreover, Fos expression in the OVLT is known to be stimulated by hypovolemia and hypernatremia (Hiyama et al., 2010) , conditions that occur in concert with hypertonicity following injections of hypertonic saline and are detected by distinct sensory systems (Johnson et al., 1996; Hiyama et al., 2002) . Finally, as mentioned earlier, noncell autonomous mechanisms, such as contributions from peripheral osmoreceptors, could also participate in the osmotic control of the firing rate of OVLT neurons in vivo. Thus, the presence of a Fos response in the OVLT of Trpv1 Ϫ/ Ϫ mice injected with hypertonicity does not argue against the involvement of Trpv1 in the intrinsic osmosensitivity of OVLT neurons. Indeed, our experiments specifically examined the responses of OVLT neurons to mechanical and osmotically induced shrinking in the absence of extrinsic influences. Our results provide unequivocal evidence showing that WT OVLT neurons can be excited by an intrinsic, shrinking-induced activation of nonselective cation channels. Our results also show that both types of responses are abrogated in OVLT neurons obtained from Trpv1 Ϫ/ Ϫ animals. Moreover, in WT neurons responses induced by both types of stimuli were eliminated by bath application of SB366791, a selective blocker of current flux through TRPV1 channels (Gunthorpe et al., 2004) . These results provide conclusive evidence showing that Trpv1 encodes a mechanically regulated channel that confers intrinsic osmosensitivity to OVLT neurons.
Interestingly, a recent study using mice engineered to express lacZ and placental alkaline phosphatase as reporters of trpv1 transcription failed to confirm expression of the trpv1 gene in the OVLT and supraoptic nucleus (Cavanaugh et al.) . However, our laboratory has detected mRNA coding for trpv1 RT-PCR analysis of tissue samples extracted from these brain areas (Sharif Naeini et al., 2006 and our unpublished observations), and specific anti-TRPV1 immunolabeling has been detected in neurons from both regions (Sharif Naeini et al., 2006; Hollis et al., 2008) . Unpublished studies from our laboratory indicate that immunolabeling of OVLT and supraoptic nucleus neurons using anti-trpv1 antibodies yields much weaker signals than those observed in dorsal root ganglion neurons. The negative results obtained by Cavanaugh et al. (2011) using gene reporter approaches could therefore have been caused by a lack of sensitivity to weak signals or by differences in transcriptional control associated with the variant of Trpv1 expressed in these areas. Indeed, although our data indicates that the Trpv1 gene encodes a hypertonicityactivated cation channel in OVLT neurons, other cells expressing wild-type TRPV1 protein (e.g., dorsal root ganglion neurons) appear to be insensitive to hypertonicity (Sudbury et al., 2010) . Conversely, in contrast to cells that express wild-type TRPV1 protein (i.e., the capsaicin receptor) (Caterina et al., 1997) , OVLT neurons from WT animals are insensitive to capsaicin (Ciura and Bourque, 2006) . These observations suggest that OVLT neurons, like those in the supraoptic nucleus (Sharif Naeini et al., 2006) , may express a variant of the TRPV1 channel that enables osmosensing but lacks motifs required to mediate responsiveness to capsaicin. Another possibility is that the native osmosensory channel comprises both WT TRPV1 and accessory subunits that enable osmosensing but somehow prevent capsaicin-mediated activation. Further studies are required to identify the nature of the osmosensory channel and the structure of the Trpv1 product expressed in OVLT neurons.
Previous work has shown that Trpv4 is also expressed in the OVLT (Liedtke et al., 2000) , and Trpv4 Ϫ/ Ϫ mice show defects in systemic osmoregulation (Liedtke and Friedman, 2003; Mizuno et al., 2003) . Since Trpv4 expression is not required for the activation of intrinsic cation channels upon exposure to hypertonicity, these observations suggest that additional Trpv4-dependent factors are involved in the central control of osmoregulation. As mentioned earlier, recent studies have shown that Trpv4 is required for hypotonicity sensing by peripheral osmoreceptors (McHugh et al., 2010; Lechner et al., 2011) . It remains to be determined whether the influence of extrinsic Trpv4-dependent mechanisms on the central control of osmoregulation is mediated through changes in the firing of OVLT neurons or via other pathways.
